The principalship of chemical analysis, especially in environmental sciences, is the determination and quantification of harmful substances. The determination of mercury in this type of sample is one of the problems, but, as already acknowledged, is a very important one. Firstly, there is the inherent toxicity of the element at low concentrations (water with a content of over 1 µg L -1 is considered to be contaminated). Secondly, there is the ease with which mercury is biologically transformed into alkyl-mercury compounds, which are longer lasting and more dangerous toxins, 1,2 which can result in death or severe damage to the brain. 3 In recent years, due to its involvement in poisoning incidents, its use in industry has somewhat declined. Despite this, it is still widely used, and is the most ubiquitous of all heavy metals, because it is the only metal that can exist as a liquid and as a volatile form at ambient temperature. It is thus necessary to monitor the mercury levels in products for human consumption and environmental samples.
Introduction
The principalship of chemical analysis, especially in environmental sciences, is the determination and quantification of harmful substances. The determination of mercury in this type of sample is one of the problems, but, as already acknowledged, is a very important one. Firstly, there is the inherent toxicity of the element at low concentrations (water with a content of over 1 µg L -1 is considered to be contaminated). Secondly, there is the ease with which mercury is biologically transformed into alkyl-mercury compounds, which are longer lasting and more dangerous toxins, 1,2 which can result in death or severe damage to the brain. 3 In recent years, due to its involvement in poisoning incidents, its use in industry has somewhat declined. Despite this, it is still widely used, and is the most ubiquitous of all heavy metals, because it is the only metal that can exist as a liquid and as a volatile form at ambient temperature. 4 It is thus necessary to monitor the mercury levels in products for human consumption and environmental samples.
Molecular fluorescence is attracting a great deal of interest in environmental monitoring, since it is inherently more sensitive than spectrophotometry, 31 and thus it can be used for the analysis of very low trace concentrations. As far as mercury is concerned, only a few methods have been described so far for its fluorometric determination. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Moreover, the majority of these methods present problems of sensitivity, selectivity, reaction time or procedure complexity. In addition, mercury methods based on increasing fluorescence intensity measurements are scarce, of course, which is the more selective one. 2, 4, 6, 7, 10, 12, 15, 16 Previously, several hydrazones, of which salicylaldehyde and 2-hydroxy-1-naphthaldehydene were parent substances, were synthesized in our laboratory. They were used as spectrofluorometric reagents for the determination of aluminum, 17, 18 strontium, 19 copper, 20 molybdenum, 21 lead 22 and chromium. 23 In order to increase the degree of molecular conjugation and the coplanar effect of a particular complex, it is necessary to design the molecular structure. In the present work, a new fluorescent reagent, 2-hydroxy-1-naphthaldehydene-8-aminoquinoline (HNAAQ), was synthesized, and its complex with mercury was studied. The fluorescent intensity of the complex was obviously increased by a coplanar effect, and the degree of molecular conjugation, owing to the presence of a naphthalene ring and a quinoline ring at both ends of the reagent's structure. Moreover, according to the Lewis "Hard and Soft Acids and Bases Rules", Hg 2+ is a soft acid and -N=CH-and the pyridine ring are borderline bases. It is therefore very possible and easy that Hg 2+ and N of "-N=CH-" and N of the pyridine ring can be complexed with each other. They formed a steady structure, probably as follows:
Based on this complexation, a new spectrofluorometric method with high sensitivity was developed for the determination of mercury. After a concentration step for the separation of mercury by distillation, which is the basis of this method, the selectivity and sensitivity of the method were increased remarkably. Under these optimum conditions, the linear range of the method was from 0 to 16 µg L -1 , and the detection limit was 0.056 µg L -1 of mercury, respectively. The procedure can be easily performed and affords good precision and accuracy. This method has been successfully applied to the determination of mercury in waste water and prawns.
Experimental

Apparatus
All fluorescent measurements were carried out on an RF-540 recording spectrofluorometer (Shimadzu, Kyoto, Japan), equipped with a xenon lamp source and 1.0 cm quartz cells. An UV-265 recording spectrophotometer (Shimadzu, Kyoto, Japan) equipped with 1.0 cm quartz cells was used for UV spectrum scanning and determination experiments. All of the pH measurements were made with a PHS-3 digital pH-meter (Shang Hai Lei Ci Device Works, Shanghai, China) with a combined glasscalomel electrode.
An automatical circumfluence digest apparatus (Chong Qing Yubei Glass Apparatus Factory, Sichuan, China) was used for pretreating samples.
Reagents
All chemicals used were of analytical reagent or higher grades. Doubly distilled demineralized water was used to prepare all solutions and for the determination.
A stock mercury solution (100 mg L -1 ) was prepared by dissolving Hg(II) chloride in acidified water. Working standard solutions were freshly prepared by appropriate dilution with acidified water.
An ammonia-ammonium acetate buffer solution (0.2 mol L -1 , pH 8.0) was used.
A HNAAQ (synthesized by ourselves) 22 mol L -1 ) was prepared by dissolving 0.14917 g of the reagent in 1000 ml of absolute ethanol.
Spectrofluorometric determination of mercury
Into a 10 ml color comparison tube was added 2.5 ml of a 5.0 × 10 -4 mol L -1 HNAAQ solution, 1.0 ml of a 100 µg L -1 mercury solution or sample solution, 1.0 ml of a 0.2 mol L -1 ammonia-ammonium acetate buffer solution (pH 8.0) and 2.0 ml of absolute ethanol. Doubly distilled demineralized water was added to the volume. The solution was mixed and then placed for 20 min at room temperature; the fluorescent intensity of the solution was then measured at 445 nm with excitation at 406 nm against a reagent blank. A standard calibration graph was prepared under the same conditions. Interfering metal ions present in the sample could be effectively removed by reduction distillation techniques. A standard curve method was used in the quantitative determination of trace amounts of mercury in waste water and prawns.
Results and Discussion
Excitation and emission spectra
In order to determine the optimum working wavelength, the spectral characteristics of the Hg-HNAAQ complex were studied at various pH values and in the presence of ethanol. The corrected excitation and emission spectra ( Fig. 1) showed that the wavelengths of the maximum excitation and emission of Hg-HNAAQ are 406 and 445 nm, respectively.
Effect of experimental conditions
Effect of pH. The pH of the medium had a great effect on the existing form of the reagent, and also affected the fluorescent intensity of the Hg-HNAAQ complex (see Fig. 2 ). The experimental results showed that the optimum pH range for the complex formation is between 6.4 and 8.6. Therefore, a pH of 8.0 was fixed with the use of an ammonia-ammonium acetate buffer solution. As the volume of the buffer solution (0.2 mol L -1 ) added (from 0.8 to 1.6 ml) had little effect on the fluorescent intensity, 1.0 ml was used in following experiments. Effect of time. The chelation reaction was completed within 5 -20 min at room temperature. The fluorescent intensity reached the highest value and remained constant for at least 2 h, and the fluorescent intensity slowly decreased. Hence, all of the chelation reactions were carried out for 20 min at room temperature. All of the measurements were made at room temperature within 2 h. Effect of amount of HNAAQ. The influence of the amount of HNAAQ on the fluorescent intensities of solutions containing 10 µg L -1 of mercury was studied under the conditions established above. The fluorescent intensity increased with an increase in the amount of HNAAQ up to 2.0 ml (5.0 × 10 -4 mol L -1 ), and then remained constant between 2.0 ml and 3.0 ml. Thus, 2.5 ml was selected to ensure a sufficient excess of the reagent throughout the experimental work. Influence of ethanol concentration. Since HNAAQ is insoluble in water, but soluble in ethanol, the effect of this solvent on the fluorescent intensity of the Hg-HNAAQ system was studied.
The experimental results showed that the fluorescent intensity 608 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 of the complex increased when the ethanol concentration in the medium increased from 0.8 to 1.8 ml, and remained constant between 1.8 ml and 2.8 ml. Therefore, a medium containing 2.0 ml of absolute ethanol in a total volume of 10 ml was selected. Effect of foreign ions. A systematic study of the interference of foreign ions in the determination of mercury (10 µg L -1 ) was carried out. For this study, various amounts of different ions were added by firstly testing a 1000-fold interference with mercury (m/m). If interference occurred, the ratio was gradually reduced until the interference ceased. The criterion for interference was fixed at a ±10% variation of the average fluorescent intensity, calculated for the established level of mercury. The results are given in Table 1 . Most of anions, in the presence of 10 µg L -1 mercury, were found to have no interference at all. However, some cations, (Mo(VI), Ni 2+ , Be 2+ , Cd 2+ , and so on), interfered with the determination. Because mercury is a very volatile liquid, in order to enhance the selectivity of the determination of mercury by the present method, mercury was separated by distillation from the other ions, as mentioned below.
Separation of mercury by distillation
Earlier reported fluorometric methods for the estimation of Hg(II) suffered from serious limits, such as the narrow range of determination, lengthy procedures, and especially severe interferences. 24 To eliminate the interfering ions, extracting mercury with IBMK (isobuthyl methyl ketone) 25 and a solution of diphenyl thiocarbazone-toluene 26 were reported, but their procedures were overloaded with details. A recent approach has been to use macrocyclic (crown ethers) or macrobicyclic (cryptands) compounds as ligands in solvent extraction; 27 however, selecting the extraction solvent and counter ions involved lengthy processes. In addition, using the Amberlite-IR-120 cation exchange resin to remove foreign ions was reported. 24 However, the above-mentioned methods are all not sufficiently sensitive, and involve lengthy procedures for mercury determination. By using the cold vapor technique after atomizing Hg(II) at room temperature with SnCl2, this is the most widely used method for the determination of mercury at low concentrations. 28, 29 In this paper, based on this method, 28, 29 we made some improvements: 10 ml of 10% SnCl2 and 5 ml of a 1:1 sulfuric acid solutions were added to the sample solution in the distillation flask (200 cm 3 ). Then, 0.1 ml of potassium permanganate (2 × 10 -2 mol L -1 ) and 0.5 ml of sulfuric acid solutions (1.0 mol L -1 ) were taken into the receiver. Firstly, due to agitating a great amount of air for a long time constantly, some interfering subjects that could interfere with our measurement were probably taken into the receiver, and influenced this measurement.
We applied nitrogen to pass through the system by an aspirator. Secondly, in order to prevent the adsorption of metallic mercury on the glass wall, the distillation apparatus was covered with a ribbon-heater, and heating of the distillation flask and mixing the solution occurred simultaneously. Mercury was quantitatively collected in the receiver after distillation for about 1 h (Fig. 3) . The receiver was rinsed out by water. Potassium permanganate in the receiver was then reduced to manganese(II) by adding hydrogen peroxide until the solution was faded to the moment after distillation. Reducing agents, such as sodium nitrite and hydroxylamine sulfate, gave poor reproducibility in the determination of mercury. The solution in the receiver was then kept standing for about 30 min at room temperature, and then adjusted to pH 2.6 (equivalent to the pH of the working standard Hg(II) solution), transferred into a 25 ml volumetric flask, and diluted to the mark with doubly distilled demineralized water.
To confirm the possibility of the determining of the mercury content with the proposed method, we carried out a recovery test of the working standard Hg(II) solution. Sample A, containing 25 µg of mercury (without any interfering ions), was added into the distillation flask, and treated by the distillation procedure mentioned above. Then, to 1.0 ml of the treated Hg(II) solution was determined spectrofluorometrically by the method described above. The standard comparison method was used. The results are given in Table 3 . We can see that the procedure gave a satisfactory recovery and reliable results.
Analytical characteristics
Under the experimental conditions, there is a line relationship between the fluorescent intensity and the mercury concentration in the range of 0 -16 µg L -1 with a correlation coefficient (r) of 0.9953. The regression equation is ∆IF = 1.8 + 2.8C (C: µg L -1 ).
The detection limit, as defined by IUPAC, 30 was determined to be 0.056 µg L -1 , when the K value was taken as 3 and the standard deviation was 0.052, obtained from a series of 11 reagent blanks. The relative standard deviation was 1.63%, obtained from a series of 11 standards, each containing 10 µg L -1 of mercury. According to the reported literature, a notorious number of fluorometric methods are based on the quenching effect of Hg(II) on the fluorescence of a reagent, such as rhodamine B, 28 bathophenanthrolinedisulfonate, 24 meso-tetrakis(4-trimethylammoniumphenyl)porphyrin 26 or binaphthyl-based amphiphiles. 9 Mercury methods based on increasing fluorescence intensity measurements are based on one of the following approaches: the effect of the Hg(II) on the oxidation of a reagent to yield a fluorescent derivative, 6 ,13 the formation of ion-association complex with a fluorescent reagent and extraction to an organic phase, 2, 15, 16 and the selective formation of a fluorescent complex of mercury. Of course, the latter approach is the more selective one, but methods based on the formation of fluorescent complexes of the metal are scarce. 4, 7, 10 Table 2 compares the method characteristics with those of similar fluorescent methods for mercury determination reported previously.
From Table 2 , we can obtain that the sensitivity and selectivity of the new method are better than the other methods, and that procedure can be easily performed.
Applications
Determination of mercury in a synthesized sample
Synthesized sample B was added into the distillation flask, and then mercury was separated from other ions by the conditioned distillation method mentioned in "Separation mercury by distillation".
The synthesized sample B was similar to the composition of the standard sample of prawns. The composition of sample B was as follows: Hg, 2.5; K, 7.5; Na, 5; Mg, 2; Sr, 0.5; Mn, 25; As, 17; Pb, 4; Cd, 0.25; Cr, 3; Ba, 54; Cu, 7.5; Zn, 0.76; Co, 0.36; Se, 18.9 (µg).
Then, 1.0 ml of the treated sample solution was determined spectrofluorometrically by the method described above. The standard comparison method was used. The results are given in Table 3 .
Determination of mercury in sample waste water
The developed method was applied to the determination of mercury in a sample of waste water.
After 100 ml of filtered waste water sample was transferred to a 250 ml glass bottle, 1 ml of a saturated of potassium permanganate solution and 5 ml (1:1) of sulfuric acid were added. The bottle was stopped and its content was swirled to mix, and allowed to stand for at least 1 h at room temperature (all forms of mercury, including organic compounds, were preoxidized to ionic mercury by acidic potassium permanganate). After 1 h, 20 ml of a potassium persulfate solution (4% w/v) 610 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 was added, mixed and heated for 2 h in a water bath maintained at 65˚C to 75˚C (a higher temperature may result in the volatilization of mercury). The final and complete oxidation was achieved by this procedure. After cooling to room temperature, hydroxylammonium chloride solution (10% w/v) was added drop by drop to reduce any excess of oxidants until the solution faded to the moment. The waste water sample was transferred into the distillation flask, and then mercury was separated from the others by the conditioned distillation method mentioned above. The solution in the receiver was then kept standing for about 30 min at room temperature and then adjusted to pH 2.6 and transferred into a 25 ml volumetric flask. Then, 1.0 ml of the disposed waste water solution was determined spectrofluorometrically by the method above. The standard addition method was used in all analyses. The results are given in Table 4 .
From Table 4 , we can see that the developed method can be easily performed, and affords good precision and accuracy. It was successfully applied to real samples.
Determination of mercury in sample of prawn
For the assay of mercury in prawns, the sample was accurately weighed and rubbed equally. The mixture was then transferred into an automatical circumfluence digest apparatus, in which the sample was digested for 2 h with a mixed-acid solution (nitric-sulfuric acid: 4/1, v/v). After this process, all forms of mercury, including organic compounds, were oxidized to ionic mercury. After cooling to room temperature, the solution was filtered and the filtrate was quantitatively transferred into the distillation flask, the mercury of which was separated from other ions by the conditioned distillation method mentioned above. Then, 1.0 ml of the disposed prawn solution was determined spectrofluorometrically by the method mentioned above. The standard addition method was used in all analyses. The results are given in Table 5 .
From Table 5 , we can see that the developed method can be easily performed, and affords good precision and accuracy. It was successfully applied to real samples. 611 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 
